Abstract. Optical coherence tomography (OCT) is a noninvasive high-resolution imaging technique that permits the detection of cancerous and precancerous lesions of the uterine cervix. The purpose of this study was to evaluate a new system that integrates an OCT device into a microscope. OCT images were taken from loop electrosurgical excision procedure (LEEP) specimens under microscopic guidance. The images were blinded with respect to their origin within the microscopic image and analyzed independently by two investigators using initially defined criteria and later compared to the corresponding histology. Sensitivity and specificity were calculated with respect to the correct identification of high-grade squamous intraepithelial lesions (HSIL). The interinvestigator agreement was assessed by using Cohen's kappa statistics. About 160 OCT images were obtained from 20 LEEP specimens. Sixty randomly chosen images were used to define reproducible criteria for evaluation. The assessment of the remaining 100 images showed a sensitivity of 88% (second investigator 84%) and a specificity of 69% (65%) in detecting HSIL. Surgical microscopy-guided OCT appears to be a promising technique for immediate assessment of microanatomical changes. In the gynecological setting, the combination of OCT with a colposcope may improve the detection of high-grade squamous intraepithelial lesions. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE)
Detection of cervical intraepithelial neoplasia by using optical coherence tomography in combination with microscopy Julia 
Introduction
Invasive cancer of the uterine cervix (ICC) represents one of the most frequent malignancies in women accounting for 10% of all cancer-related deaths. Worldwide, ∼520;000 women are newly diagnosed with ICC every year and ∼300;000 women die from the disease. 1, 2 Cervical intraepithelial neoplasia (CIN) precedes invasive cancer of the uterine cervix and its detection and treatment can prevent the progression toward ICC. The implementation of screening programs has led to a decline in the number of cervical cancer related deaths. 3, 4 Screening is usually performed by obtaining cervical cytology with the intention to discriminate between mild dysplasia like low-grade squamous intraepithelial lesions (LSIL) and high-grade squamous intraepithelial lesions (HSIL) that require active treatment. However, a definite distinction between LSIL and HSIL can only be made histologically. Therefore, women with cervical cytology suspicious for HSIL are invited to undergo a colposcopic examination combined with biopsies and histologic evaluation. Colposcopy offers a sensitivity between 61% and 95% and a specificity of 50% to 85% resulting in a high number of unnecessary biopsies and overtreatment. 5, 6 Therefore, the implementation of advanced colposcopy techniques that allow a rapid and noninvasive evaluation of the cervix would be a vast improvement in the prevention of ICC. Optical coherence tomography (OCT) is an imaging technique that uses near-infrared light interferometry to measure the intensity of backscattered light. By providing cross-sectional subsurface images in real time with high spatial resolution, OCT permits the characterization of microarchitectural features and fills an important gap between established imaging modalities. 7, 8 Even though the imaging depth of OCT is limited to a few millimeters due to optical attenuation from tissue scattering and absorption, its resolution is 10 to 100 times higher than standard ultrasound. As the imaging depth is in the same scale as typically covered by conventional biopsy, OCT has the potential to act as a type of optical biopsy to guide interventional procedures and thus reduce sampling errors or even replace surgical biopsy, where it is impracticable. [9] [10] [11] The research groups of James G. Fujimoto, Rebecca Richards-Kortum, and Jerome L. Belinson have led the way for OCT imaging of the female reproductive tract. Pitris et al. 12 examined normal and neoplastic cervical tissue in vitro and concluded that an intact basement membrane optically dividing epithelium and stroma can be seen as the main feature of healthy tissue. The first in vivo study was published by Escobar et al., 13, 14 who confirmed an intact basement membrane dividing epithelium and stroma as a marker for healthy epithelium. 13, 14 Furthermore, they defined criteria to distinguish between moderate and severe dysplasia, invasive carcinoma, and inflammation. Zuluaga et al. 15 examined the backscattering intensity of normal and abnormal cervical epithelium and found that the average epithelial brightness increased with the degree of dysplasia. Lee et al. 16 applied a polarization sensitive OCT technique in vitro and found that the degree of circular polarization decayed faster in progressed CIN. Quantifying this decay allowed to differentiate between lowgrade and high-grade lesions with a sensitivity and specificity of 95% and 71%, respectively. 16 In an attempt to replace visual image interpretation, Kang et al. 17 developed an automated algorithm to extract OCT image features in order to differentiate between mild and severe dysplasia. 17 Wulan et al. 18 and Liu et al. 19 presented cross-sectional comparative trials carried out in rural China using real-time OCT imaging as an adjunct to colposcopy and unaided visual inspection using acetic acid. By combining OCT and colposcopy, the sensitivity for CIN2 or higher decreased from 60% to 29% while the specificity increased from 83% to 93%.
Almost all investigations refer to the squamous epithelium of the ectocervix and the transformation zone. The latter is defined as the area bounded by the original and the active squamocolumnar junctions. In this area, the columnar epithelium has been replaced and/or is being replaced by new metaplastic squamous epithelium. Once the metaplasic epithelium is mature, its aspect will be identical to original squamous epithelium. Evaluating the transformation zone is of great importance, as this is the site of origin for more than 90% of precancerous lesions. The columnar epithelium of the endocervix rests on an inconspicuous layer of reserve cells and has complex infoldings that resemble glands or clefts on cross section. Even when using an endoscopic probe, OCT imaging of the narrow endocervical canal is difficult and inconsistent. Depending on their resolution, OCT images of normal squamous epithelium reveal either a two-layer architecture with a sharp interface between epithelium and stroma or a three-layer architecture with two epithelial layers and the stroma. The basement membrane itself is not visible but causes the sharp interface between epithelium and stroma. In contrast, HSIL (CIN3) are characterized by an increasing irregularity of the epithelial layer and the loss of layer architecture (Fig. 1) .
In recent years, we investigated OCT imaging in vivo as an adjunct to colposcopy and were able to demonstrate the accuracy and reproducibility of this technique in the characterization of CIN. 20, 21 The Niris ® imaging system (Imalux Corporation, Cleveland, Ohio) used at that time provided a reusable fiberoptic probe with a diameter of 2.7 mm and a lateral scanning range of 1.6 to 2.4 mm. The probe had to be used in direct contact with the tissue and was well tolerated by all patients. However, in the routine colposcopy setting, the Niris ® system with its endoscopic probe did not allow to systematically investigate larger tissue areas, such as the complete transformation zone or to define borders between dysplastic and normal epithelium.
Integration of OCT into a surgical microscope or for gynecological purposes into a colposcope may have the advantage of providing cross-section imaging of larger tissue areas within the range of the microscope's magnification without interrupting the workflow. The simultaneous evaluation of large tissue areas would become possible and OCT imaging could be focused on microscopically conspicuous epithelium in order to estimate the grade of dysplasia, to define its edges, and to guide biopsies.
The combination of spectral domain optical coherence tomography (SD-OCT) with a surgical microscope has been used to identify laryngeal epithelial dysplasia. 22 During microlaryngoscopy, OCT-guided biopsies were taken from microscopically suspicious areas and the OCT images compared to the corresponding histology. OCT allowed to differentiate between benign laryngeal lesions and dysplasia with a sensitivity of 88% and a specificity of 89%. Another study assessed microscope based SD-OCT in order to detect microanatomical changes of the tympanic membrane in chronic myringitis. 23 Following neurosurgical tumor resection, it has been shown that overlaying microscopy images with subsurface information from OCT could lead to improved detection of residual tumor cells in the resection cavity. 24 The purpose of this study was to evaluate the feasibility of a surgical microscope-based OCT device to detect and characterize CIN.
Material and Methods
This prospective single-institution ex vivo study was approved by the local institutional ethical review committee. Informed written consent was obtained from all patients.
Optical Coherence Tomography Microscopy
OCT imaging was carried out using an OCT-camera (OptoMedical Technologies GmbH, Lübeck, Germany) integrated in a surgical microscope optimized for light transmission in the near-infrared spectral range (HS Hi-R1000G, Haag-Streit Surgical GmbH, Wedel, Germany). 25 Figure 2 illustrates that the OCT is handled like a normal CCD camera. Like a conventional CCD camera, the OCT camera uses microscope optics and its handling is optimized for intraoperative use. The OCT working distance and focus is motorized and calibrated to be the same as for the surgical microscope. Therefore, the change of the working distance and the magnification is conveniently handled via the surgical microscope handle switch. Like the CCD camera image, the OCT image is displayed in real time. The OCT scan position and the OCT image is injected as a transparent overlay in the microscope view for both eyes (marked "d" in Fig. 2 ). If the OCT is not needed, the OCT image injection can easily be switched off by the microscope handle switch. Using the microscope handle switch, the microscope with its OCT can simply be brought into the region of interest. In addition, the OCT is imaged on a small touch screen monitor (marked "c" in Fig. 2 ). The MIOS5 archive (Haag-Streit Surgical GmbH, Wedel, Germany) shows and records synchronous videos and snapshots of the CCD and the OCT camera, which are assigned to each patient (marked "e" in Fig. 2 ). Therefore, it is easy to assign corresponding images of the OCT and conventional CCD camera in retrospect.
The OCT-camera head (marked "a" in Fig. 2 ) is specially designed with a two-axis scanner and an optical aperture, which is optimized to the optical specifications of the operating microscope and its side view. The OCT camera consists of a light source at a central wavelength of 840 nm with a spectral bandwidth of 55 nm, a SD-OCT detector, and a motorized OCT reference optics. The system enables 10 OCT pictures per second with 1000 OCT A scans per OCT picture. The reference optics permits to use the OCT at different working distances ranging from 220 to 500 mm. The OCT camera provides an optical window depth of 4.2 mm. The measured axial resolution is ∼10 μm in air and about 7.5 μm inside tissue. The lateral scan width depends on the magnification of the microscope and varies from 5 mm up to 37 mm [ Fig. 3(a) ]. The lateral resolution ranges from 23 μm up to 47 μm at a working distance of 232 mm depending on the microscope magnification. The shorter the working distance, the better is the lateral iOCT resolution [ Fig. 3(b) ].
In OCT, a high lateral resolution leads to a small depth of field, and hence a small window depth. 25, 26 In order to achieve an OCT window depth of 4.2 mm, the lateral resolution in our device is larger than 20 μm. Tissue surfaces are usually uneven and the small tissue structures and layers will be averaged within the focus diameter. As with conventional CCD cameras, the ® imaging system using an endoscopic probe with direct contact to the epithelial surface. It shows a well organized three-layer architecture consisting of two epithelial layers (bright superficial layer, darker basal layer) and the stroma (optical structure). The thin basement membrane (BM) separating epithelium (EP) and stroma (ST) cannot be resolved by OCT but causes a sharp interface between the two layers (length of the white bar: 1 mm). (c) Histological image of HSIL (CIN3). Immature hyperchromatic cells involve almost the entire thickness of the epithelium. There is a complete disorganization of growth pattern and lack of stratification. The epithelium is variable in thickness, the junction between the epithelium and the underlying stroma is regular. OCT camera provides an overview and an indication of the interesting region at a lower magnification. For details in the region of interest, it is necessary to switch to a higher microscope magnification. In this study, we used a working distance between 220 and 260 mm at a magnification between zoom value ×2.0 and ×8.0 The OCT images in real time. It is possible to perform a three-dimensional (3-D) volume scan, which consists of 30 single OCT pictures and takes about 3 s. In this study, the 3-D OCT volume scan was used to identify the best imaging position. Out of a scan, the OCT image with the best image quality was selected and then used for further analysis. The saved single OCT image consists of 1000 pixels (lateral) by 1024 pixels (axial). Therefore, the axial pixel distance is 4.1 μm in air and 3.1 μm inside tissue with an index of refraction of 1.34. The lateral pixel distance depends on the magnification of the surgical microscope [ Fig. 3(a) ].
Sample Preparations
Loop electrosurgical excision procedure (LEEP) specimens between 1.6 and 2.3 cm in diameter were obtained from 20 women with a mean age of 37.8 years (24 to 72 years). Sixteen women were premenopausal while 18 women were human papillomavirus high risk positive. The indication for conization was based upon a histologically proven CIN3. The specimens had a size between 1.8 and 2.6 cm in diameter depending on the size of the portio. OCT microscopy was carried out immediately after the operation. All specimens were marked at 12 o'clock and divided into four quadrants. A total of 160 OCT images were taken under microscopic guidance, two in each quadrant. Figure 4 shows a conization sample, in which the radial alignment of the scanned areas is indicated. The exact positioning depended on pathological findings within the quadrant. All images were specified according to the number of the specimen (1 to 20), the quadrant (1 to 4), and the localization within the quadrant (e.g., 1 o'clock, 2 o'clock). The histological examination was carried out systematically in knowledge of the scanned areas and comprised all four quadrants.
First, 60 OCT images were randomly chosen to define reproducible criteria in order to distinguish between normal epithelium, mild dysplasia (LSIL), and HSIL. The remaining 100 images were blinded with respect to their origin and analyzed independently by two investigators using the previously Fig. 2 Photo of (a) OCT-camera head connected to the camera port of the (b) surgical microscope, with a (c) small touch screen monitor to handle the OCT, with (d) OCT image injection in the microscope view for both eyes, and an (e) archive device to save synchronious CCD camera and OCT camera images. defined criteria. The OCT findings were later compared with the corresponding histology.
Statistics
Sensitivity and specificity with regard to the correct identification of HSIL were calculated as TP (true positive)/TP + FN (false negative) and TN (true negative)/TN + FP (false positive), respectively. TP results were defined as OCT images of HSIL that were correctly identified. TN results were defined as OCT images that were correctly identified as normal epithelium or mild dysplasia (LSIL). FP results were defined as OCT images of normal epithelium or LSIL that were identified as HSIL. FN results were defined as OCT images of HSIL that were not identified as such. The combination of normal findings and LSIL is reasonable as minor dysplastic changes have no therapeutic consequence while HSIL require further diagnostic and therapeutic assessment. The interinvestigator agreement was assessed by using Cohen's kappa statistics. 27 Unweighted kappa was estimated by comparing all diagnostic categories. The kappa value was interpreted as specified by Malpica et al. 28 (0.0 to 0.2 indicates slight agreement, 0.2 to 0.4 fair agreement, 0.4 to 0.6 moderate agreement, 0.6 to 0.8 substantial agreement, and 0.8 to 1.0 almost perfect agreement).
Results
First, 60 randomly chosen images were used to define reproducible criteria to determine the different grades of cervical dysplasia. The established criteria defined for the Niris ® imaging system with its endoscopic probe being in direct tissue contact could not be applied as the images of the new OCT microscope were generated at working distances ranging from 220 to 260 mm. Depending on the magnification of the microscope, the lateral scan width ranged from 5 to 20 mm with direct influence on the lateral resolution.
It quickly became apparent that a sharp interface between epithelium and stroma representing the basement membrane was the only criterion but was also a well reproducible and clinically important criterion to distinguish between LSIL and HSIL (CIN2 or worse). Therefore, we defined two groups:
• Normal epithelium as well as LSIL shows a well organized two-layer architecture. The thin basement membrane separating epithelium and stroma cannot be resolved by OCT, but a sharp interface is always visible at this location [ Fig. 5(a) ].
• HSIL show a less-organized layer architecture. The sharp interface separating epithelium and stroma cannot be visualized anymore. Irregularity of the epithelial layer can be observed [ Fig. 5(b) ].
In a second step, the remaining 100 OCT images were blinded with respect to their origin to preclude identification. Two investigators blinded for the histologic diagnosis evaluated each OCT image independently applying the criteria defined. The results were compared to the corresponding histology. The results are presented in the contingency Table 1 . With 50 (48) TP, 11 (12) FP, 7 (9) FN, and 24 (22) TN results, the sensitivity calculates to 88% (84%) and the specificity to 69% (65%), respectively.
The two investigators were unable to reasonably evaluate 8 (9) OCT images due to artifacts, incomplete scanning, and technical problems in focusing the epithelial surface. Most of these problems occurred in the early phase of the study and the quality of the images improved as our experience increased.
The unweighted kappa comparing all diagnostic categories (normal epithelium/LSIL, HSIL, no evaluation possible) was 0.85 (0.95 confidence interval 0.75 to 0.95), indicating a substantial agreement between both investigators (Table 2) .
Discussion
Previous studies using the Niris ® imaging system with its endoscopic probe in direct contact to the epithelial surface have shown that the OCT microstructure associated with normal cervical squamous epithelium shows a well-organized three-layer architecture consisting of two epithelial layers and the stroma [ Fig. 1(a)] . 13, 20, 21 The basement membrane itself is too thin to be resolved by OCT but is responsible for the sharp interface between epithelium and stroma. In the case of mild dysplasia (CIN1), the optical boundary between epithelium and stroma is still intact but may be less clear. With dysplasia progressing, irregularity of the epithelial layer can be observed and the cells appear to push their way toward the surface as vertical columns. The tissue microstructure is no longer organized and a basement membrane cannot no longer be defined [ Fig. 1(c) ]. 13, 20, 21 These previously defined criteria were not all seen with the SD OCT microscope used in the present study. Normal squamous epithelium was characterized by a two-layer architecture with the basement membrane dividing epithelium and stroma. Different layers within the epithelium were not seen. It was impossible to differentiate between normal epithelium and LSIL (CIN1). However, in the majority of cases, we were able to identify HSIL (CIN2/CIN3) by the disappearance of the basement Fig. 4 Example of the scanned areas of a LEEP specimen. All specimens were marked at 12 o'clock and divided into four quadrants. In each quadrant, two radially aligned areas were scanned. The exact positioning depended on pathological findings within the quadrant. All images were specified according to the number of the specimen (1 to 20), the quadrant (1 to 4), and the localization within the quadrant (e.g., 1 o'clock, 2 o'clock).
Journal of Biomedical Optics 016013-5 January 2017 • Vol. 22 (1) membrane and loss of structure. This is of great importance in a clinical setting. Furthermore, in several cases, we were able to identify the boundary between normal and dysplastic epithelium, which could improve the accuracy of biopsies during colposcopy (Fig. 6 ).
The interpretation of OCT images largely depends on the investigator's experience and is subject to a learning curve similar to that of interpreting other imaging techniques. The present evaluation carried out by two experienced investigators showed a sensitivity of 88% (84%) and a specificity of 69% (65%) in detecting high-grade dysplasia. These results are similar to those Table 1 Correlation between OCT findings and corresponding histology (n ¼ 100). The results of investigator 2 are shown in brackets. The investigators were unable to assess 8 (9) OCT images due to their poor quality. of previous studies. 6, 7 However, with only 100 OCT images included, the calculation of sensitivity and specificity should be judged with caution. Regarding the inter-rater reliability, there has been substantial agreement between both investigators. A kappa of 0.85 confirms a good reproducibility of the criteria to evaluate the OCT images. 28 These results are unremarkable as both investigators defined the criteria to differentiate between mild and severe dysplasia.
The present study has several limitations. The large number of FP results leading to a low specificity 69% (65%) is most likely caused by overinterpreting the OCT images. Although blinded to colposcopy and histology results, both investigators were aware that the LEEP procedures had been carried out for severe dysplasia. As we gained our results from a very selected group of patients, the percentage of histologically normal findings was only 38%. Furthermore, there were no specimens with carcinoma in the group. However, as we know from previous studies, invasive carcinoma is characterized by a complete lack of layer architecture. Similar to CIN3, the basement membrane cannot be defined optically. The 7(9) FN cases are a matter of concern. Even presuming that there may have been a mismatch between OCT image and corresponding histology in particular cases, the number remains high and could have a negative impact on a wider implementation of the technique. The images were reanalyzed, but in only 2(3) cases did the investigators reconsidered their initial opinion. We observed similar FN rates in our previous studies without being able to identify the reasons. However, in a clinical setting with an OCT microscope/colposcope, there would be the possibility to compare problematic OCT images to the corresponding colposcopic impression in real time. Furthermore, we hope that refinement of OCT technology may provide further criteria for differentiations.
Most important, the combination of SD OCT and microscopy facilitates the evaluation of large tissue areas. While the microscope selects the regions of interest, OCT simultaneously estimates the grade of dysplasia or defines its extension. The zoom function of the microscope allows a sixfold magnification altering the scan range from 4 to 24 mm. The lateral resolution is affected by the width of the beam focus and the depth of imaging, therefore, it depends on the magnification and the working distance of the microscope. Due to the long working distance, the waist of the beam focus cannot be as small as with a normal microscope objective and allows a resolution of 23 μm. This leads to a Rayleigh length of about 500 μm, and hence to no significant variations in lateral resolution throughout the depth of the image. Despite the limited lateral resolution, it was possible to define the basement membrane and to differentiate between normal epithelium and high-grade CIN in most cases.
Combining OCT and colposcopy represents only one of several new concepts to improve current colposcopy. Computerized colposcopy intents to apply diagnostic image analysis in order to automate cervical evaluation. Mehlhorn et al. 29 developed an image-processing method, which characterizes surface structures, such as color or texture and report a sensitivity of 85% and a specificity of 75% for the detection of high-grade cervical dysplasia. Vercellino et al. 30 used a high-definition (HD) laparoscopic camera to replace the colposcope and achieved a sensitivity and specificity for the detection of CIN2 or worse of 90% and 77%, respectively. Fluorescence and reflectance spectroscopy combine two methods of spectrum analysis that detect biochemical and structural changes during carcinogenesis. Several studies have evaluated the use of this combination in vivo reporting a sensitivity of 71% to 100% and a specificity of 50% to 81% for detection of high-grade cervical dysplasia. [31] [32] [33] [34] [35] Dynamic spectral imaging analyzes the acetowhitening effect of acetic acid indicating the severity of cervical dysplasia. Balas et al. 36 compared the intensity of backscattered light before and after application of acetic acid and generated maps of the cervix to illustrate the areas of maximum alteration in tissue light scattering. Soutter et al. 37 analyzed the changes in reflectance over time and developed an algorithm to assign the maximum changes to the corresponding epithelium. Dynamic spectral imaging achieves a sensitivity and specificity of ∼70% and 83%, respectively. Other techniques such as electrical impedance spectroscopy or confocal microscopy provide information at the cellular level to assess histological changes. [38] [39] [40] [41] [42] Due to its size, the SD-OCT microscope used in this study is not suitable for the setting of a colposcopy clinic, but the general concept of integrating an OCT device into a colposcope is intriguing and may have important advantages over OCT scanning conducted via probes. At present, it seems to be premature to assume that the development of an OCT colposcope may have an impact on standard colposcopy. However, compared with other available imaging techniques, such as ultrasound, computed tomography, or magnetic resonance imaging, OCT offers the highest level of resolution of tissue microarchitecture. Further refinement of this technology may lead to improvements in axial and lateral resolution and result in a better differentiation of cervical dysplasia. Combined with fast 3-D scanning, which would allow to scan large areas and to assess the whole ectocervix, the identification of precancerous and cancerous cervical lesions could be further improved. The use of polarizationsensitive OCT would allow to generate depth-resolved depolarizarion profiles, which could provide further criteria for differentiations. Therefore, OCT integrated into a colposcope may have the potential to improve colposcopic examination of the cervix. 6 OCT image showing the boundary between normal epithelium or mild dysplasia (left) and moderate to severe dysplasia (right). The arrow shows the intact basement membrane (B) which is dissolved on the right. In normal squamous epithelium the basement membrane causes a sharp interface between epithelium (poorer scattering) and stroma (brighter scattering). This can be well seen in the middle part of the image. The leftmost 20% of the image does not present this sharp interface. This is due to the uneven surface of the specimen and poor focusing in this area. The rightmost 40% does not have a layered structure with a sharp interface distinguishing between less scattering epithelium and highly scattering stroma. The tissue appears as a homogenous highly backscattering region as can also be seen in Fig. 5(b) . Therefore, per developed rules, this image would be classified as normal squamous epithelium on the left side and HSIL on the right side (length of the bar: 1 mm).
Journal of Biomedical Optics 016013-7 January 2017 • Vol. 22 (1) In this initial ex vivo study, we could demonstrate that OCT microscopy is capable of scanning epithelial tissue up to a length of 12 mm. In clinical terms, this would allow for full screening of the cervical transformation zone within a reasonable time. We defined criteria for these new and different OCT images in order to distinguish LSIL from HSIL and were able to diagnose HSIL with a sensitivity of ∼85%. The OCT microscope applied in this series has initially been developed for neurosurgical operations and is not suitable for gynecological purposes. However, the basic idea to combine OCT and microscopy may lead to the development of OCT being integrated into a colposcope. Such a device could have the potential to improve the identification and clinical management of precancerous and cancerous cervical lesions.
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